Over the last 20 years, however, a more complex picture of infantile methemoglobinemia causation has emerged which indicates that current limits on drinking water nitrates may be unnecessarily strict. It is now well established that diarrheal illness and some gastrointestinal disturbances, typically accompanied by diarrhea and/or vomiting, can lead to methemoglobinemia in young infants without exposure to high-nitrate drinking water or exposure to abnormal levels of nitrates through food. There are literally dozens of reported infantile methemoglobinemia cases associated with diarrhea without exposure to nitrate-contaminated water (4-1(). Because diarrhea was a prominent symptom in the majority of drinking waterlinked methemoglobinemia cases, the evidence suggests that diarrhea and/or gastrointestinal infection/inflammation, not ingested nitrates, are the principle causative factor in infantile methemoglobinemia; a survey in Germany found that 53% of 306 infantile methemoglobinemia cases reported diarrhea (11) . (Contrary to some reports, diarrhea and vomiting are not symptoms that typically accompany cyanosis, methemoglobinemia due to oxidant drug exposure, or genetic abnormalities in hemoglobin.)
A putative mechanism whereby gastrointestinal inflammation leads to methemoglobinemia has been established. Nitric oxide (NO) is produced by several tissues in response to infection and inflammation. Increased expression of an inducible nitric oxide synthase (iNOS) mRNA has been observed in young children with inflammatory bowel disease during periods of colonic inflammation, but not, however, in the absence of colonic inflammation (12, 13) . A rapid up regulation of iNOS mRNA is also seen in colon epithelial cells upon infection aBased on Table 1 from Walton (13. (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) mal concentrations of nitrate in the drinkethemoglobinemia associated ing water) revealed a seasonal variation in eritis and/or dehydration also methemoglobinemia incidence (19) . The ntly longer average hospital incidence of methemoglobinemia showed two peaks, in January (n = 7, 16%) and in the summer months (n = 23, 51%; Figure  1 Hanukoglu and Danon (19P) further noted that the declining incidence of methemoglobinemia observed over a decade also supported an infectious etiology (Figure 2 ). (28, 29) . The first of these, in 1986, even prompted a reprint of Comly's original 1945 report (2) in the Journal of the American MedicalAssociation.
If infantile methemoglobinemia is caused primarily by the endogenous overproduction of nitric oxide, an explanation must still be found for the correlation between nitrate contamination and methemoglobinemia incidence seen in the APHA study. One possible explanation is that nitrate contamination is merely an indicator of bacterial contamination. Based on the descriptions of the drinking water wells and the prevalence of diarrhea and vomiting in the historical cases, bacterial and viral gastroenteritis were probably common in infantile methemoglobinemia cases seen in the United States during the 1940s and 1950s. The vast majority of these cases were from rural farm households served by poorly constructed wells. Often these wells were shallow, contaminated with bacteria, and dose to a source of both bacterial contamination and nitrates, such as a barnyard, cesspool, leaking septic tank, or manure storage facility.
Perhaps a better explanation for the correlation between nitrate contamination and infantile methemoglobinemia incidence illustrated in Table 1 is that conditions of gastrointestinal inflammation and/or infection establish an environment predisposing toward methemoglobin production through the endogenous production of nitrites from nitric oxide. Under such conditions, exogenous nitrates exacerbate the formation of nitrite while inhibiting conversion of nitrite to ammonia and other nonharmful products. The bacterial enzyme nitrite reductase, for example, which converts nitrite to ammonia, is inhibited by an elevated concentration of nitrate (30) . Higher concentrations of ingested nitrates, therefore, drive chemical reactions toward nitrite production, increasing the potential for nitrite accumulation sufficient to overwhelm the young infant's methemoglobin reduction mechanisms. Although this may only be a variation of Comly's original hypothesis (2) and the prevailing wisdom, the difference is important in that nitrates from drinking water are not the cause of the condition.
Importantly, this hypothesis offers an explanation for the wide variability in susceptibility to methemoglobinemia seen among infants. This variability has been one of the most puzzling aspects of infantile methemoglobinemia. Research conducted in the late 1940s revealed that healthy infants fed highnitrate water (100 mg nitrate/kg body weight/day; roughly equivalent to consumption of water contaminated at 100 ppm nitrate-N) showed virtually no increase in methemoglobin levels. However, when infants who had previously suffered methemoglobinemia associated with drinking water were fed the same high-nitrate water (100 mg/kg body weight/day), their methemoglobin levels rose moderately (to a high of 11-12%) over 3 days of feeding (31) . Even these previously susceptible infants exhibited (19) .
only mild increases in methemoglobin levels when subjected to a high dose of nitrates (10 times the current MCL). This may be the strongest evidence of all that exogenous nitrates do not cause methemoglobinemia and probably play a role only in the potential severity of methemoglobinemia.
Thus, limiting nitrate exposure through drinking water may not be the most protective or cost effective approach to infant health. The current strict MCL for nitrate in drinking water contributes to the widespread misperception that this is the primary cause of infantile methemoglobinemia. In fact, such cases are virtually nonexistent today, and the vast majority of cases appear related to infection and gastrointestinal problems. The strict standard also contributes to the misperception that high-nitrate foods may cause methemoglobinemia, when in all such cases the food has been shown to contain high levels of nitrite (20, (32) (33) (34) (35) . These two misperceptions are potentially dangerous, as they lead pediatric physicians away from the major causes of methemoglobinemia. A more protective approach would be to inform both physicians and public health professionals of the link between methemoglobinemia and diarrhea, gastrointestinal infections, protein intolerance, and other health problems in infants under 6 months of age. This is not meant to advocate a complete abolishment of a drinking water nitrate standard, only a reassesment of the MCL for nitrate. The current limit of 10 ppm nitrate-N was based on a review of only 214 cases in the APHA study for which nitrate levels were known (36) . The APHA committee itself noted that most of these cases occurred with water contaminated at greater than 40 ppm nitrate-N. However, due to the wide variation in nitrate contamination, the committee (3) Setting the MCL for nitrates at a conservative 10 ppm nitrate-N was logical considering the relatively poor understanding of infantile methemoglobinemia at the time. Today we have considerable additional knowledge of methemoglobinemia in infants, although some questions remain unanswered, mainly due to the extreme rarity of the condition.
Given the estimated 1-2.4% of water sources contaminated with nitrate levels exceeding 10 ppm nitrate-N and a dearth of infantile methemoglobinemia cases connected to such water sources, there is little indication that relaxing the drinking water standard for nitrate (not nitrite) to 15 or 20 ppm nitrate-N would increase the health risk to infants (24) . (This is not to be confused with the MCL for nitrite. Because nitrite reacts directly with hemoglobin and has been shown to be inherently more dangerous than nitrate, the MCL for nitrite should remain unchanged.) However, raising the MCL to this level would drastically reduce the need for expensive water treatment in several large U.S. cities and countless small communities that are currently spending large sums of money to comply with the current MCL, often for only mild, seasonal spikes in nitrate levels. For example, Lake Decatur, which supplies drinking water to the city of Decatur, Illinois, has seen peak nitrate contamination of between 15 and 18 ppm nitrate-N over the past decade (37) . A complete review of the drinking water nitrate standard should be conducted. The National Research Council conducted a review of the nitrate standard in the early 1990s with the purpose of determining if the current standard was adequate to protect human health; it did not address whether the standard was overly protective (36) . Moreover, much has been learned since that review, especially the mechanisms of nitric oxide production, its metabolism, and the conditions under which nitrite is produced.
